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A B S T R A C T

Background: Depression is characterized by disturbed emotion processing. Repetitive transcranial magnetic 
stimulation, and its development intermittent theta- burst stimulation (iTBS), induces brain network changes and 
is an emerging treatment alternative for depression. In this sham- controlled study, we aimed at studying the 
effects of iTBS on emotion anticipation and processing in depression.
Methods: 42 patients with depression were allocated to receive active or sham iTBS treatment. Before treatment 
(baseline) and four weeks after baseline (follow- up), participants underwent functional magnetic resonance 
imaging (fMRI) scanning with simultaneous recordings of skin conductance responses (SCR). During scanning, 
participants were presented to an emotion anticipation and processing paradigm. Behavioral data (symptom 
ratings and ratings of emotional stimuli) were also collected.
Results: There were no differences in behavioral, skin conductance or neural activity after active, compared with 
sham, treatment. However, across groups, SCRs to positive anticipation increased and SCRs to negative pro
cessing decreased at follow- up. Additionally, amygdala and right insula reactivity to negative processing, and 
right amygdala reactivity to positive processing, decreased at follow- up. Increased ACC activity after active 
treatment to positive anticipation and processing was correlated with decreased anhedonia symptoms.
Conclusions: Active, compared with sham, iTBS treatment does not affect behavioral, skin conductance or neural 
activity to emotion anticipation and processing in depression. However, across treatment groups, changes occur 
with time, perhaps reflecting normalization processes or partial treatment effect of sham iTBS. The ACC seems to 
be involved in the treatment mechanism of iTBS.

1. Introduction

Disturbances in emotion processing is a core component in depres
sion (Gotlib and Joorman, 2010), and can manifest itself clinically as 
anhedonia, a reduced ability to experience pleasure (Serretti, 2023). 
Neuroimaging studies have shown that depression is associated with 
dysfunctional cortico-limbic circuits, such as disturbed activity in the 
amygdala, dorsal anterior cingulate cortex (ACC), and insula in response 
to negative emotional stimuli (Hamilton et al., 2012). A common finding 
is increased amygdala activity during perception of negatively valenced 

words (Siegle et al., 2007), facial expressions (Suslow et al., 2010), and 
pictures (Anand et al., 2005). Furthermore, this hyperactivity is 
normalized after antidepressive pharmacological treatment (Sheline 
et al., 2001). In addition to actual perception, anticipation of negative 
emotional stimuli is also reported to be associated with increased 
amygdala activation in patients with depression (Abler et al., 2007). 
Altered prefrontal activation, in both dorsolateral and dorsomedial 
parts, has also been observed (Bermpohl et al., 2009).

It seems that depression affects not only signaling in the central, but 
also in the peripheral, nervous system. It is well known that emotions 

* Corresponding author.
E-mail addresses: wstruck@stanford.edu (W. Struckmann), magdalena.wlad@neuro.uu.se (M. Wlad), jorgen.rosen@ki.se (J. Rosén), david.fallmar@uu.se

(D. Fällmar), robert.boden@neuro.uu.se (R. Bodén), jonas.s.persson@neuro.uu.se (J. Persson), malin.gingnell@psyk.uu.se (M. Gingnell). 

Contents lists available at ScienceDirect

Progress in Neuropsychopharmacology & Biological  
Psychiatry

journal homepage: www.elsevier.com/locate/pnp

https://doi.org/10.1016/j.pnpbp.2026.111606
Received 18 June 2025; Received in revised form 11 December 2025; Accepted 1 January 2026  

Progress in Neuropsychopharmacology & Biological Psychiatry 144 (2026) 111606 

Available online 3 January 2026 
0278-5846/© 2026 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:wstruck@stanford.edu
mailto:magdalena.wlad@neuro.uu.se
mailto:jorgen.rosen@ki.se
mailto:david.fallmar@uu.se
mailto:robert.boden@neuro.uu.se
mailto:jonas.s.persson@neuro.uu.se
mailto:malin.gingnell@psyk.uu.se
www.sciencedirect.com/science/journal/02785846
https://www.elsevier.com/locate/pnp
https://doi.org/10.1016/j.pnpbp.2026.111606
https://doi.org/10.1016/j.pnpbp.2026.111606
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pnpbp.2026.111606&domain=pdf
http://creativecommons.org/licenses/by/4.0/


involve a peripheral bodily component. According to the James-Lange 
theory (James, 1890), peripheral bodily changes precede the experi
ence of emotions, evoking emotions first when these changes are 
interpreted by the brain. Neuroimaging studies have suggested that the 
insula, in particular, plays a key role in this process (Craig, 2009; Craig, 
2011). Measures of electrodermal activity, and its phasic component, 
the skin conductance response (SCR), a peripheral signal of importance 
in emotional processes, have shown aberrant responses to emotional 
stimuli in depression (Sarchiapone et al., 2018).

Repetitive transcranial magnetic stimulation (rTMS) is an emerging 
treatment alternative for depression (Fitzgerald et al., 2021). rTMS ap
plies strong magnetic pulses inducing long-lasting changes in brain ac
tivity (Hoogendam et al., 2010) not only in the stimulation target, but 
also to distal brain regions (Beynel et al., 2020). For the treatment of 
depression, excitatory rTMS is commonly delivered over the left 
dorsolateral prefrontal cortex (dlPFC) (Fox et al., 2012). More recently, 
the dorsomedial prefrontal cortex (dmPFC) has been suggested as an 
alternative treatment target, partly due to its proximity to deeper 
structures such as the ACC (Downar and Daskalakis, 2013). Anhedonia 
has repeatedly been associated with poor treatment response to rTMS 
over the dlPFC in depression (Krepel et al., 2020; Rostami et al., 2017). 
As symptoms of anhedonia have been linked to aberrant dmPFC function 
(Chai et al., 2011; Kinou et al., 2013; Salomons et al., 2014; Zhang et al., 
2016), targeting the dmPFC could be of interest in rTMS treatment of 
anhedonia. rTMS over the dmPFC has been shown to modulate func
tional connectivity between medial prefrontal regions and the amygdala 
in healthy controls (Riedel et al., 2019).

Intermittent theta-burst stimulation (iTBS) is a recent development 
of rTMS with a much shorter application duration and similar clinical 
effectiveness to standard rTMS protocols (Blumberger et al., 2018). In a 
previous randomized clinical trial by our group, we found a treatment 
effect of iTBS over the dmPFC for symptoms of anhedonia, but not for 
depression symptoms overall, in a clinical depression sample (Bodén 
et al., 2021). Furthermore, there was a symptom- related increase in 
dmPFC resting-state functional connectivity to the precuneus and pos
terior cingulate cortex, a node in the default mode network (Bodén et al., 
2021; Persson et al., 2020). Thus, iTBS over dmPFC might be able to 
induce global changes in brain networks in depression; however, this has 
not been studied yet in the context of emotional processing networks.

In this sham-controlled study, using partly the same sample as other 
studies from our group (Bodén et al., 2021; Persson et al., 2020), we 
therefore investigated whether iTBS delivered over the dmPFC modu
lates behavioral ratings, functional brain activity and skin conductance 
responses during anticipation and perception of emotional stimuli in a 
sample of patients with depression and anhedonia. We chose the 
amygdala, ACC, and insula as regions of interest due to their key role in 
emotion processing networks, testing for differences between the active 
and sham iTBS group in their activity to anticipation and perception of 
emotional picture stimuli. As the original study investigated iTBS 
treatment effect in patients with depression and anhedonia, we used a 
paradigm that allowed us to study both positive and negative anticipa
tion and processing. In addition, we explored whether there are any 
correlations between changes in neural activity in the regions of interest 
and changes in anhedonia and depression symptoms after active or sham 
iTBS. We hypothesized that active, as compared with sham, iTBS 
treatment would lead to changes in neural and skin conductance re
sponses both to emotion anticipation and processing. Furthermore, we 
hypothesized that after active, as compared with sham, iTBS treatment, 
patients would rate positive pictures as being more positive and negative 
pictures as being less negative.

2. Methods

2.1. Participants

This study contains data from a randomized clinical trial (pre- 

registered at clinicaltrials.gov, with ID: NCT02905604) (Bodén et al., 
2021) and an add-on brain-imaging study with shared methodology 
(Persson et al., 2020). Forty-two patients were recruited from the psy
chiatric outpatient clinic at the Uppsala University Hospital, Sweden. 
Inclusion criteria were age between 18 and 59 years, an ongoing uni
polar or bipolar depressive episode as verified through the Mini Inter
national Neuropsychiatric Interview (M.I.N.I.) (Sheehan et al., 1998), a 
score of ≤40 points on The Motivation and Pleasure Scale-Self-Report 
(MAP-SR) (Llerena et al., 2013), and unchanged medication one 
month before study start and throughout the treatment course. Exclu
sion criteria comprised epilepsy, metal implants, pregnancy, and active 
substance use disorder. Written informed consent was obtained from all 
participants upon entering the study. The study was approved by the 
Research Ethical Review Board, Uppsala.

2.2. Study design and procedures

During the screening process, clinical assessments included an 
interview and symptom rating using the 24-item Brief Psychiatric Rating 
Scale (BPRS) (Zanello et al., 2013), and the Maudsley Staging Method 
for treatment resistant depression (MSM) (Fekadu et al., 2009). Addi
tionally, participants assessed their own overall health using the EQ-5D 
VAS (Herdman et al., 2011).

In order to evaluate symptom changes with treatment, the Clinical 
Assessment Interview for Negative Symptoms (CAINS) (Kring et al., 
2013) and the Montgomery Åsberg Depression Rating Scale (MADRS-S) 
(Svanborg and Åsberg, 1994) were assessed before and after treatment. 
Clinical symptom assessment and fMRI scanning took place one working 
day before treatment start (baseline), and once again four weeks after 
baseline (follow-up).

2.3. iTBS treatment

The iTBS procedures have been described in detail elsewhere (Bodén 
et al., 2021). In short, iTBS was delivered over the dmPFC targeting the 
dorsal ACC (Montreal Neurological Institution coordinates: x = 0, y =
30, z = 30 (Mir-Moghtadaei et al., 2016)), using the Localite TMS 
Navigator (Localite, Bonn, Germany) for neuronavigation. To deliver the 
treatment, a MagPro X100 with MagOption using the Cool D–B80 A/P 
coil (MagVenture, Farum, Denmark) was used. The coil consists of two 
angled, identically looking coils back-to-back, with the sham coil being 
internally shielded. A randomization code for each participant, issued by 
an independent research company, indicated which side of the coil to be 
used for stimulation. Additionally, transcutaneous electrical nerve 
stimulation (TENS) electrodes were applied to the forehead beneath the 
coil center. The TENS was only given in the sham condition, with a 
maximum current of 4 mA and synchronized to the TMS pulses to mimic 
the sensation of active stimulation. Treatment was given twice a day, 
with a 15-min break between sessions (Tse et al., 2018), for ten days at 
target intensity (i.e., 90 % of resting foot motor threshold). Each iTBS 
session comprised 40 trains of stimulation (2 s on, 8 s off), delivering a 
total of 1200 pulses.

2.4. Data acquisition

2.4.1. Skin conductance response data acquisition
During the fMRI scanning session and task, skin conductance re

sponses (SCRs) were recorded using two Ag-AgCl electrodes (EL509 
Biopac electrodes) filled with isotonic electrode gel (GEL101 Biopac gel) 
attached to the palmar surface of the left hand. Data was recorded using 
the Biopac MP150 system and Acqknowledge software, version 4.2 
(BIOPAC systems, Goleta, CA, USA) at a sample rate of 100 Hz. High- 
frequency artifacts were filtered out with a hardware high- pass filter 
during recording for most subjects, although, due to a change in 
recording settings, no high- pass filter was used for a few participants.
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2.4.2. fMRI acquisition
Imaging was performed using a 3 T scanner (Philips Achieva, Best, 

Netherlands) with a 32-channel head coil. Scanning took place at 
Uppsala University Hospital, Uppsala, Sweden. Echo planar imaging 
(EPI) was used to obtain BOLD T2*-weighted images (repetition time 
(TR) = 2 s, echo time (TE) = 30 ms, flip angle = 90, field of view (FOV) 
= 64 × 64 mm2 with voxel size = 3x3x3 mm3, 300 dynamic scans ac
quired, interleaved acquisition with transverse slice orientation). T1- 
weighted structural imaging was performed using a 3D TFE gradient 
echo sequence (TR = 8.19 s, TE = 3.74 ms, flip angle = 8, FOV = 256 ×
256 mm2 with voxel size = 1x1x1 mm3). All morphological images were 
visually assessed by a board-certified neuroradiologist (D.F.) to rule out 
anatomical malformations and incidental findings.

2.5. fMRI paradigm

The stimuli used in the fMRI paradigm were 15 pictures of negative 
valence and 15 pictures of positive valence, selected from the Interna
tional Affective Pictures System (IAPS, (Lang et al., 2008)). The stimuli 
were presented on a screen in a pseudorandomized order. To induce 
emotional anticipation, each picture was preceded by a color cue, with 
negative pictures indicated by a red screen, and positive pictures by a 
green screen, of which participants were informed prior to scanning. The 
color cues were presented for 5 s, followed by a black screen with a 
jittered interval of 2.5–3.5 s, subsequent picture presentation for 2 s, and 
a black screen for 11 s. Participants were instructed to look at the screen. 
No motor or verbal response throughout the experimental session was 
required. Directly after scanning, all 30 pictures were shown again on an 
experimental computer screen outside the scanner room, and partici
pants were instructed to rate valence and arousal for each picture on the 
Self-Assessment Manikin used in the IAPS material. Valence was rated 
on a scale from 1 to 9, ranging from highly negative (1) to highly pos
itive (9) where 5 indicated neutral valence. Likewise, arousal was rated 
on a scale from 1 to 9, with low scores indicating low arousal and high 
scores high arousal.

2.6. Data processing and analysis

2.6.1. Skin conductance response analysis
SCRs were analyzed using the NeuroKit2 toolbox (Makowski et al., 

2021) in Python (Python Software Foundation, USA). In order to exclude 
missing data, only participants whose signals exceeded 0.01 μS in more 
than half of their trials were included. Data was furthermore excluded if 
more than half of their event- related signals had a value above 3 μS, as 
this was interpreted as a signal artifact.

Data was normalized (the square root of each event- related SCR was 
computed) and mean- range corrected (the event- related SCR was 
divided by the subject's mean value) (Ben- Shakhar, 1985) after which a 
baseline correction analysis was conducted (Kuhn et al., 2022) in which 
the peak SCR value within a time window of 1–5 s after stimulus onset 
was identified. Baseline was calculated as the mean value between 0 and 
0.5 s after stimulus onset. The mean value of the SCR response to the 
contrasts green, red, negative picture and positive picture was calculated 
for each participant and used in subsequent statistical analyses.

2.6.2. fMRI data preprocessing
The fMRI data were preprocessed with fMRIPrep version 23.2.1 

(Esteban et al., 2018; Esteban et al., 2019) which is based on Nipype 
1.8.6 (Gorgolewski et al., 2011; Gorgolewski et al., 2018). Statistical 
analyses were run in JASP, version 0.18.3 (JASP, 2024). We used the 
preprocessing pipeline from fMRIPrep, which is described in detail in 
Supplementary material S1. Framewise displacement (FD) and DVARS 
were calculated through their implementations in Nipype, following the 
definitions by Power et al. (Power et al., 2014). Frames that exceeded a 
threshold of 0.5 mm FD or 1.5 standardized DVARS were annotated as 
motion outliers.

2.7. Statistical analyses

Demographic data (age, sex and level of education) were compared 
between the two treatment groups using two- sample t-tests and chi- 
square tests, respectively. Clinical data (diagnosis and medication) were 
compared between the two treatment groups using chi- square tests or 
Fischer's exact test. Changes in MADRS-S scores (defined as baseline- 
follow-up) were compared across groups and between active and sham 
treatment groups with paired and independent samples t-tests, respec
tively, to test for the clinical effect of treatment. Valence and arousal 
ratings for positive and for negative pictures were compared using in
dependent samples t-tests. Valence and arousal ratings were also 
compared between active and sham treatment groups with analyses of 
variance (ANOVA) with factors group (active or sham) and time (base
line or follow-up). The significance level for all analyses was set at p <
0.05.

2.7.1. Skin conductance response data analysis
To analyze differences in SCRs, we conducted analyses of variance 

(ANOVA) with factors group (active or sham) and time (baseline or 
follow-up), calculated separately for positive anticipation, negative 
anticipation, positive processing, and negative processing. The signifi
cance level was set at p < 0.05.

2.7.2. fMRI data analysis
In the individual first-level analyses, we included onsets and dura

tions of pictures and color cues, the black screens shown between color 
cues and pictures, and the movement parameters obtained from pre
processing in the model. To control for movement and physiological 
noise, realignment parameters (direction x y z, rotation x y z), aComp
Cor (1–6) and framewise displacement (FD) were entered as 13 separate 
regressors. The individual beta-estimates for each condition were sub
sequently entered into contrasts, in order to test for the effects of 
exposure (negative, and positive) and anticipation (red, and green). The 
contrast images from each participant were then entered in the second- 
level analyses at group level.

Second-level analyses comprised region of interest (ROI) analyses for 
the following five regions of interest: amygdala (left and right), insula 
(left and right), and ACC (bilateral). The ROIs were generated using the 
AAL atlas (Tzourio-Mayozer et al., 2002). We used t-tests to determine if 
the contrast estimates for each ROI differed from zero. Mean contrast 
estimates were extracted using spm_read_vols.m in SPM12. We then 
conducted analyses of variance (ANOVA) with factors group (active or 
sham) and time (baseline or follow-up), calculated for the extracted ROI 
estimates in each of the five ROIs and four contrasts (positive and 
negative anticipation, positive and negative processing). The signifi
cance level was set at p < 0.05.

Finally, exploratory Pearson correlations were calculated by 
computing the change (baseline- follow-up) in neural activity to the four 
contrasts in the five ROIs and correlating these with the change (base
line- follow- up) in CAINS and MADRS-S scores. Changes in CAINS 
scores were correlated with changes in neural activity to positive 
anticipation and processing, whilst changes in MADRS-S scores were 
correlated with changes in neural activity to negative anticipation and 
processing. These correlations were analyzed separately for the two 
treatment allocation groups. The significance level was set at p < 0.05.

3. Results

3.1. Participants

Forty-two patients (21 female) participated in the study, randomly 
allocated to active (n = 22) or sham (n = 20) iTBS treatment. Baseline 
demographic and clinical data are shown in Table 1. The MADRS-S score 
was reduced with 4.9 ± 7.9 points in the active iTBS group, and 3.9 ±
8.4 points in the sham iTBS group. This reduction in depressive 
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symptoms did not differ between treatment allocation groups (t(39) =
0.38, p = 0.703). However, across groups, the decrease in MADRS-S at 
follow- up was statistically significant (p = 0.001). Three participants 
withdrew from the study before follow-up.

3.2. Valence and arousal ratings

Valence and arousal ratings were available from 42 patients at 
baseline and 38 patients at follow- up. Paired data was available from 38 
patients (active, n = 20; sham, n = 18). As expected based on the 
normative ratings in the IAPS- material, subjects rated negative and 
positive pictures significantly different in their valence at baseline, with 
lower valence attributed to negative than to positive pictures, see 
Table 2. Despite the matching of pictures on arousal, subjects rated 
negative and positive pictures significantly different, with higher 
arousal attributed to negative than to positive pictures, see Table 2. 
Mean valence and arousal ratings per group and time point are shown in 
Table 3 and Figs. 1A-D. Only for negative picture valence, there was a 
group x time interaction (F = 5.6297, p = 0.027), however this effect 
was driven by group differences at baseline. Mean valence and arousal 
ratings across all subjects, regardless of treatment allocation, are also 
presented in Supplementary Material S2 including Figs. S1A-S1D.

3.3. Skin conductance response

After exclusion due to missing data and signal artifacts, SCR data was 
available for 21 participants at baseline and 16 participants at follow-up. 
Of these, a complete dataset (data from both baseline and follow- up) 
was available for 11 participants (active: n = 4; sham: n = 7). For one 
participant, no high- pass filter was used during data recording.

ANOVA analyses showed a significant effect of time, but not group, 
on SCRs to positive anticipation (green color cues) (F = 6.650, p =
0.030), with increased SCRs at follow- up. There was also a significant 
effect of time, but not group, on SCRs to negative processing (F = 9.896, 
p = 0.012), with decreased activity at follow- up. No significant group x 
time interactions emerged.

3.4. Neural activity

After exclusion due to motion artifacts and missing data, paired fMRI 
data was available for further analysis from 24 participants at baseline 
and 24 participants at follow- up (active: n = 13, sham: n = 11).

ANOVA analyses showed a significant effect of time, but not group, 
on neural activity to negative processing in the left amygdala (F = 10.36, 
p = 0.004), right amygdala (F = 31.07, p < 0.001) and right insula (F =
4.98, p = 0.036), with all regions displaying decreased neural activity at 
follow-up, see Figs. 2A-C. For positive processing, there was a statisti
cally significant effect of time on neural activity in the right amygdala (F 
= 6.93, p = 0.015), which also displayed decreased neural activity at 
follow-up, see Fig. 3. We found no effect of time or treatment on neural 
activity to positive and negative anticipation. No significant group x 
time interactions emerged.

Our exploratory correlation analyses for the active treatment group 
showed significant negative correlations between change in CAINS 
ratings and neural activity in the ACC to positive anticipation (r =
− 0.638, p = 0.019) and positive processing (r = − 0.670, p = 0.012), 
indicating that increases in ACC activity were correlated with decreases 
in anhedonia symptoms, see Figs. 4 and 5. For the sham treatment 
group, a significant positive correlation was found between change in 
neural activity in the right amygdala to negative processing and change 
in MADRS-S ratings (r = 0.688, p = 0.019), see Fig. 6.

4. Discussion

In this sham-controlled study, we investigated whether iTBS over the 
dmPFC modulates behavioral, skin conductance and neural activity to 
an emotion anticipation and processing task in depression with symp
toms of anhedonia. While we did not find an effect of treatment on these 
measures, we found a correlation between decreased anhedonia 

Table 1 
Baseline demographic and clinical characteristics for active and sham iTBS 
groups.

Active (n =
22)

Sham (n =
20)

Test for 
difference

p

Years of age, mean (sd) 29.9 (9.7) 28.6 (8.7) t(40) = 0.45 0.655
Sex, female: male 10:12 11:9 χ2 (1) = 0.38 0.537
CAINS total score, mean 

(sd)
28.0 (7.6) 30.0 (7.5) t(40) = − 0.86 0.396

MADRS-S total score, 
mean (sd)

30.0 (8.1) 29.3 (6.9) t(40) = 0.30 0.770

BPRS total score, mean 
(sd)

48.7 (8.7) 50.8 (5.1) t(40) = − 0.91 0.367

EQ-5D VAS, mean (sd) 33.1 (15.8) 37.0 
(15.1)

t(40) = − 0.80 0.429

MSM, mean (sd) 9.5 (1.6) 10.6 (1.8) U = 399.5 0.062
Years of education, n χ2 (2) = 3.06 0.217

9th year completed 3 4
12th year completed 9 12
Higher education 10 4

Primary diagnosis, n χ2 (2) = 0.60 0.741
Depressive episode 14 11
Recurrent depression 7 7
Bipolar disorder 1 2

Medication, n
Antidepressants 19 17 1
Mood stabilizers 6 6 χ2 (2) = 0.038 0.85
Antipsychotics 4 4 1
Antihistamines* 5 3 0.70
No medication 3 1 0.61

CAINS: Clinical Assessment Interview for Negative Symptoms; MADRS-S: 
Montgomery Åsberg Depression Rating Scale, self-rating; BPRS: Brief Psychiatric 
Rating Scale, EQ-5D VAS: self-rated health status, MSM: Maudsley Staging 
Method for Treatment Resistant Depression.

* Except for one participant in the sham iTBS group, the antihistamines were 
no standing prescriptions but only taken when needed.

Table 2 
Valence and arousal ratings (mean (standard deviation)) for both negative and 
positive pictures at baseline across all subjects.

Negative pictures Positive pictures Test for difference p

Valence 3.5 (1.2) 6 (1.2) t = − 7.85 <0.001

Arousal 5.2 (1.7) 4 (1.7) t = 4.679 <0.001

Table 3 
Valence and arousal ratings (mean (standard deviation)) for both negative and 
positive pictures for the active and sham iTBS groups at baseline and follow-up.

Active Sham Test for 
difference  
Time x 

group

p

Baseline Follow- 
up

Baseline Follow- 
up

Negative 
valence

3.2 
(1.2)

3.4 
(1.1)

3.8 
(1.1)

3.6 
(1.2)

F = 5.297 0.027

Positive 
valence

6.0 
(1.3)

6.0 
(1.0)

5.9 
(1.2)

5.9 
(1.2)

F = 0.120 0.731

Negative 
arousal

5.2 
(2.0)

4.9 
(2.1)

5.2 
(1.5)

4.9 
(1.6)

F = 1.502 0.228

Positive 
arousal

4.3 
(1.8)

4.1 
(1.9)

3.7 
(1.5)

4.1 
(1.5)

F = 3.565 0.067

Valence and arousal were each rated on a scale from 1 to 9, with 1 indicating 
negative valence or low arousal, respectively, and 9 indicating positive valence 
or high arousal, respectively.
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symptoms and increased ACC activity to positive anticipation and to 
positive processing after active treatment. Moreover, we found that, 
across groups, skin conductance responses and neural activity changed 
with time in depressed subjects.

At the behavioral level, valence ratings assessed outside of the 
scanner indicated that pictures classified as negative and positive in the 
paradigm were indeed experienced as such, indicating that the pictures 
were well chosen to induce the intended reaction. The higher arousal 
ratings attributed to negative pictures compared with positive pictures 
might reflect societal factors in that the pictures from IAPS were 
developed many years ago, and that the positive pictures might not be 
deemed as arousing today. There was no change in these behavioral 
ratings related to treatment allocation, nor were there changes in skin 
conductance responses or neural activity related to treatment. More
over, we did not find any difference in depression symptom change 
between patients who had received active, compared with sham, iTBS 
treatment, although there was a decrease in depressive symptoms across 
groups. Although no effect of rTMS treatment has been reported in 
another study on rTMS over the dmPFC (Dunlop et al., 2020), compar
isons are hampered by the fact that our study used iTBS.

Although active, compared with sham, iTBS treatment did not lead to 
differences in skin conductance responses or neural activity, we did find 
that some of these measures changed with time. However, in the 
following discussion it is important to keep in mind that the sample size 
for the SCR data was small, which reduces generalizability and makes it 
difficult to draw robust conclusions regarding the SCR results. 
Compared with baseline, SCRs to positive anticipation increased at 
follow- up, whilst the opposite pattern was seen for activity to negative 
pictures. Moreover, we found significant decreases at follow- up in 
amygdala and right insula activity to negative processing and in the 
right amygdala to positive processing compared with baseline. The 
decrease in SCRs, as well as insula and amygdala activity, to negative 
pictures could be interpreted as habituation effects, which have previ
ously been described for skin conductance responses (Juuse et al., 2024) 
and amygdala activation (Denny et al., 2014). Another interpretation of 
the changes in SCRs and amygdala and insula activity is that they 
represent a normalization of responsivity. Previous studies have indeed 
reported hyperactivity in the amygdala and insula to negative stimuli 

(Hamilton et al., 2012) and increased electrodermal responses during 
fear conditioning (Nissen et al., 2010) in depression, and so decreases in 
these measures might indicate that activity patterns change in the di
rection seen in non- depressed individuals. In line with this, a recent 
study by our research group including the same patient population (at 
baseline), but comparing them to a healthy control group, found that 
patients had increased SCRs to negative pictures, and lower SCRs to 
positive and negative anticipation, compared with controls (Wlad et al., 
2025), further supporting the notion of proposed normalization found in 
the current study. However, as we did not include a healthy control 
group in the current study, the idea of normalization discussed here is 
speculative. One explanation for this proposed normalization process, 
independent of treatment, could be that the sample as a whole experi
enced an improvement with time in their depressive symptoms, which 
was observed in the decreased ratings in MADRS-S ratings across groups. 
Depressive symptoms fluctuate and it is possible that subjects were 
recruited to this treatment study at the time- point when their symptoms 
peaked. Thus, the change in skin conductance and neural responsivity 
might reflect physiological signs of symptom improvement. Although 
the decrease in depressive symptoms was not strong enough to be 
interpreted as full remission, previous studies have observed delays in 
behavioral effects after pharmacological treatment (Harmer et al., 2017) 
where changes in neural activation patterns precede behavioral 
changes. It is possible that a longer follow-up period in our study could 
have detected delayed symptom improvement. Furthermore, it is 
possible that the sham iTBS treatment might have a similar modulating 
effect on neural activity as active treatment, for example through elec
trical trigeminal stimulation, an issue that was raised by the authors of a 
recent randomized clinical trial using the same experimental equipment 
(Dunlop et al., 2020). If this is the case, we can speculate that both active 
and sham iTBS treatment indeed led to neural changes.

For the active treatment group, we found a negative correlation 
between ACC activity to positive anticipation and processing and 
changes in CAINS ratings, where increased ACC activity after active 
treatment was correlated with decreased anhedonia symptoms. Indeed, 
the iTBS treatment was given over the dmPFC, targeting the dorsal ACC. 
Because of the exploratory nature and moderate sample size of this 
analysis, we interpret the results with caution, but suggest that the 

Fig. 1. Picture ratings in the active and sham treatment group at baseline and follow- up. The boxplots show the median value and distribution of data (quartiles) for 
each group and time- point, and individual data points. A: valence ratings for negative pictures, B: valence ratings for positive pictures, C: arousal ratings for negative 
pictures, D: arousal ratings for positive pictures.
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correlations indicate an important role of the ACC in the treatment 
mechanisms of rTMS. Previous studies have indeed highlighted the ACC 

as important in the context of rTMS treatment (Boes et al., 2018; Lan 
et al., 2016; Tik et al., 2017; Tura and Goya- Maldonado, 2023). In a 
recent study by our research group (Wlad et al., 2025), including the 

Fig. 2. Fig. 2A. Left amygdala activity to negative processing at baseline (green) and follow- up (red) across all subjects. The figure shows a raincloud plot with 
jittered points, boxplots and a violin plot. AU; arbitrary units. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
Fig. 2B. Right amygdala activity to negative processing at baseline (green) and follow- up (red) across all subjects. The figure shows a raincloud plot with jittered 
points, boxplots and a violin plot. AU; arbitrary units. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
Fig. 2C. Right insula activity to negative processing at baseline (green) and follow- up (red) across all subjects. The figure shows a raincloud plot with jittered points, 
boxplots and a violin plot. AU; arbitrary units. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 3. Right amygdala activity to positive processing at baseline (green) and 
follow- up (red) across all subjects. The figure shows a raincloud plot with 
jittered points, boxplots and a violin plot. AU; arbitrary units. (For interpreta
tion of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

Fig. 4. Correlations between changes in ACC activity to positive anticipation 
and changes in CAINS score in the active treatment group. Changes are defined 
as baseline – follow-up. AU; arbitrary units.
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same patient group at baseline as presented here but comparing them 
with healthy controls, we found that patients had an increased reactivity 
in the ACC to positive anticipation compared with controls. Taken 
together with the correlations between increased ACC activity after 
active iTBS treatment and decreased anhedonia symptoms presented in 
the current study, an increased ACC activity might reflect compensatory 
mechanisms in depression that are increased with active iTBS treatment.

More recent studies on rTMS treatment advocate the use of indi
vidual functional treatment targets in order to personalize treatment and 
increase chances of favorable treatment outcome (Cash et al., 2021; 
Vila- Rodriguez and Frangou, 2021). Evidence suggests that the clinical 
response of rTMS is related to functional connectivity with the sub
genual ACC (sgACC) at the stimulation site (Cash et al., 2021; Tura and 
Goya- Maldonado, 2023). One study found that lower functional con
nectivity between the sgACC and dlPFC at baseline is associated with 
treatment response to rTMS, suggesting that the sgACC could be 
involved in both the pathophysiology and treatment target of depression 
(Ge et al., 2020); other studies have found that the degree of anti
correlation between the sgACC and dlPFC predicts rTMS outcome (Cash 
et al., 2019; Fox et al., 2012). Although these studies investigated 
resting- state functional connectivity, and although the stimulation site 
was the dlPFC, the correlations found in our study between decreased 

anhedonia symptoms and increased ACC activity suggest that future 
research is warranted to assess whether treatment outcome from rTMS 
over the dmPFC could also be predicted by functional connectivity be
tween the stimulation site and the ACC. Future research is also needed to 
assess whether emotional paradigms such as the one presented in this 
study could be used to define individual functional targets based on task 
performance and ACC activity/ connectivity.

The correlation between decreased depressive symptoms and 
decreased amygdala activity in the sham treatment group to negative 
processing suggests that diminished depressive symptoms could, in part, 
be explained by diminished amygdala activity, although the exploratory 
nature and moderate sample size of this analysis makes us hesitant to 
draw further conclusions.

4.1. Limitations

This study is subject to limitations. First, the sample size was only 
moderate for a brain imaging study, however, it was well characterized 
in terms of clinical symptom assessment. Several participants had to be 
excluded from neuroimaging analyses due to motion artifacts. The issue 
of head movement could have been minimized with, for example, 
increased levels of physical restraint to prevent head motion; however, 
this could make the study less feasible for the patients. As the sample size 
for the SCR data was small, results regarding these should be interpreted 
cautiously. Although the sample also included participants with bipolar 
depression, meta-analyses have shown a comparable rTMS-response to 
that of unipolar depression (Berlim et al., 2014). Previous studies have 
reported increased prevalence of electrodermal hypoactivity in bipolar 
than in unipolar depression (Thorell et al., 2013), which could affect our 
results. Moreover, we included patients with some psychiatric comor
bidities (anxiety disorders and ADHD/ADD), which could also poten
tially affect our results, although subsamples of each comorbidity were 
too small to perform separate analyses. However, our transdiagnostic 
inclusion is representative of the clinical picture, strengthening 
ecological validity of the results. Several patients were treated with 
antidepressants, mood stabilizers, antipsychotics and antihistamines, as 
specified in Table 1, which could also affect our results. For example, 
pharmaco- fMRI studies on common antidepressant medications such as 
selective serotonin reuptake inhibitors (SSRIs) report attenuation of the 
limbic and para- limbic regions, and enhanced activation within pre
frontal networks, following treatment (Wandschneider and Koepp, 
2016). In healthy volunteers, a single dose of lamotrigine has been 
shown to reduce reactivity to an emotional task in brain regions asso
ciated with emotional processing (including the ACC, insula and 
amygdala) (Martens et al., 2024). Administration of lithium in healthy 
volunteers affects neural activity and connectivity to an emotion regu
lation task (Hortelano et al., 2023); another study in healthy volunteers 
reported no effect of quetiapine on emotional processing other than 
during recognition memory (Rock et al., 2016).

Findings on the potential effects of antidepressant medication on 
skin conductance vary between studies; some studies report no effect, 
whilst others have shown reduced skin conductance responses as an 
effect of treatment (Sarchiapone et al., 2018), making it difficult to draw 
conclusions.

It should be noted, however, that one of the inclusion criteria for the 
study was that patients had received unsatisfactory effect from their 
current treatment. It is possible, therefore, that concomitant medication 
in our sample does not lead to the same neurophysiological changes as in 
treatment- responders. Moreover, the two treatment allocation groups 
did not differ statistically in terms of medication use (see Table 1). 
However, our relatively small sample size does not allow for reliable 
assessments of the effect of concomitant medication within this study.

We did not find any treatment- related differences in neural activity 
during anticipation of emotional stimuli, i.e. presentation of the color 
cues. This is somewhat surprising, as anticipatory effects in the amyg
dala have been reported in depression, with normalized activation levels 

Fig. 5. Correlations between changes in ACC activity to positive processing and 
changes in CAINS score in the active treatment group. Changes are defined as 
baseline – follow-up. AU; arbitrary units.

Fig. 6. Correlations between changes in right amygdala activity to negative 
processing and changes in MADRS-S scores in the sham treatment group. 
Changes are defined as baseline – follow-up. AU; arbitrary units.
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after pharmacological treatment (Rosenblau et al., 2012). While the 
latter study also used stimuli from the IAPS, anticipatory cues were 
words, not colors, and presentation time was 250 ms, compared to 5000 
ms in our study. It is possible that mere anticipation, although with 
longer presentation of the color cues, was not sufficient to elicit an effect 
in our treatment-resistant patient sample.

The double- blind design of our study is a strength, although it cannot 
be ruled out that the TENS given in the sham condition might have been 
partly active, as discussed above. A study on the blinding integrity of 
iTBS treatment performed by our research group showed that, although 
participants were able to correctly guess their treatment allocation 
better than chance at the beginning of treatment, they could not guess 
treatment allocation better than chance at the end of the study 
(Bengtsson et al., 2023). During the treatment course, the percentage of 
patients who had guessed that they received active treatment decreased, 
indicating that patients receiving active treatment started to doubt this, 
which probably dampened potential placebo effects.

Moreover, in line with the above argumentation of an early brain 
activity effect without corresponding behavioral changes, the treatment 
duration might have been too short to affect the picture valence and 
arousal ratings, even though there was a decrease in MADRS-S ratings. 
Moreover, our study design did not include a neutral stimulus condition. 
Although this approach has been used in other studies (Fu et al., 2008; 
Hall et al., 2014), it would provide more information on the charac
teristics of emotion processing abnormalities in depression to include a 
neutral stimulus condition. However, it would also lengthen the scan
ning time and make the study less feasible for the participants. As the 
iTBS treatment was not simultaneous with fMRI scanning, there is no 
momentary coupling between these interventions.

In conclusion, we studied emotion anticipation and processing in 
depression in this randomized controlled trial of active, compared with, 
sham iTBS treatment. We found no effect of treatment allocation on 
depressive symptoms, behavioral ratings, skin conductance responses or 
neural activity. However, this might reflect a too short follow- up period 
after treatment to detect these changes, or partial treatment effects of 
sham iTBS. Additionally, across groups, we found changes in SCRs and 
neural activity at follow- up compared with baseline, that we speculate 
might reflect normalization processes in depression, as reactivity 
changes in the direction of that previously seen in healthy controls, and 
that they were accompanied by decreased depressive symptoms. Our 
findings of a correlation between increased ACC activity after active 
treatment and decreases in anhedonia symptoms sheds potential light on 
the role of the ACC in depressive disorders and in the treatment mech
anism of iTBS. Taken together, our findings contribute to increased 
knowledge of potential biomarkers of interest in depressive disorders 
and in the treatment mechanism of iTBS.
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